In newborn rats each retina projects principally to the contralateral superior colliculus, but there is also a sparse projection to the whole of the ipsilateral superior colliculus. During the first 2 weeks postnatally the ipsilateral projection normally becomes restricted to the rostromedial part of the superior colliculus. The restriction of this projection is due to the preferential death of ipsilaterally projecting retinal ganglion cells and is apparently the result of competition between optic fibers from the two eyes, since it can be prevented by enucleation of the opposite eye at birth. To determine if electrical activity plays a role in the normal restriction of the ipsilateral retinocollicular projection, the sodium channel-blocking agent tetrodotoxin was administered to one or both eyes during the first 2 weeks postnatally. Tetrodotoxin blockade of activity in one eye resulted in the persistence of a sparse projection from the opposite eye throughout the ipsilateral superior colliculus and the survival of a substantial number of the ipsilaterally projecting retinal ganglion cells in that eye that would normally have died. When both eyes were treated with tetrodotoxin no restriction of the ipsilateral projection was seen on either side. These findings suggest that the competition between retinal ganglion cell axons (either for terminal space or an essential trophic factor), which normally leads to retinal ganglion cell death and the restriction of the ipsilateral retinocollicular projection, is mediated in some way by electrical activity.
ABSTRACT
In newborn rats each retina projects principally to the contralateral superior colliculus, but there is also a sparse projection to the whole of the ipsilateral superior colliculus. During the first 2 weeks postnatally the ipsilateral projection normally becomes restricted to the rostromedial part of the superior colliculus. The restriction of this projection is due to the preferential death of ipsilaterally projecting retinal ganglion cells and is apparently the result of competition between optic fibers from the two eyes, since it can be prevented by enucleation of the opposite eye at birth. To determine if electrical activity plays a role in the normal restriction of the ipsilateral retinocollicular projection, the sodium channel-blocking agent tetrodotoxin was administered to one or both eyes during the first 2 weeks postnatally. Tetrodotoxin blockade of activity in one eye resulted in the persistence of a sparse projection from the opposite eye throughout the ipsilateral superior colliculus and the survival of a substantial number of the ipsilaterally projecting retinal ganglion cells in that eye that would normally have died. When both eyes were treated with tetrodotoxin no restriction of the ipsilateral projection was seen on either side. These findings suggest that the competition between retinal ganglion cell axons (either for terminal space or an essential trophic factor), which normally leads to retinal ganglion cell death and the restriction of the ipsilateral retinocollicular projection, is mediated in some way by electrical activity.
During the development of most regions of the vertebrate central nervous system, there is a period during which many of the constituent neurons die (1) (2) (3) . This phenomenon, although widespread and well-documented, is poorly understood in terms of its cause and control. We report here the results of an experiment that casts some light on how cell death in one of the better-studied sets of neural connections, the rat retinocollicular projection, may be controlled.
In the rat, the vast majority of retinal ganglion cells (RGCs) project to the contralateral side of the brain and especially to the contralateral superior colliculus (SC) (4, 5) , whereas a much smaller number of RGCs project to the ipsilateral SC. From just after birth until about postnatal day 10 (P10) about 50% of the RGCs in both retinas die (6) (7) (8) , and over the same period the ipsilateral retinocollicular projection becomes progressively restricted in its distribution. At birth this ipsilateral projection covers the entire colliculus, but by P10 it is normally restricted to the rostromedial edge of the SC (9) . This restriction appears to be due to the preferential death of ipsilaterally projecting RGCs (10, 19) . Thus, whereas about 50% of the cells that project to the contralateral SC die, at least 85% of the ipsilaterally projecting RGCs that lie outside the so-called "temporal crescent" die (unpublished data). It seems that this preferential elimination of ipsilaterally projecting RGCs is due to their encountering competition at the SC from axons arising in the opposite eye since, after unilateral enucleation at birth, the ipsilateral projection from the remaining eye does not become restricted to the rostromedial part of the SC (9) , and very few of the ipsilaterally projecting RGCs die (unpublished data).
Recent studies indicate that neural activity, plays a key role in mediating competition between axons. For example, activity is clearly involved in the formation of eye dominance stripes in the optic tectum (the homologue of the SC) in fish and frogs (11, 12) and in layer IV of the visual cortex of cats (13) . These and similar observations have prompted us to see if chronically blocking electrical activity in RGCs'in newborn rats would affect both the normal restriction of the ipsilateral retinocollicular projection and the amount of cell death within the population of ipsilaterally projecting RGCs.
METHODS
Tetrodotoxin (TTX) Injections. Albino rats of the SpragueDawley strain were used for all of the experiments. The animals were anesthetized with ether, the eyelids were opened, and the exposed eye was washed with 2% chloramphenicol in 70% ethanol. This eye was then punctured near the ciliary margin with a fine tungsten needle, and a glass micropipette filled with TTX (Sigma, 1 mg/ml) was inserted through the puncture hole, until its tip lay deep within the posterior chamber. Between 0.03 and 0.06 Al of TTX was then injected, using an air pressure system, and the eye was again washed with chloramphenicol.
Horseradish Peroxidase Method. Between 0.3 and 0.5 1.l of a 5% solution of wheat germ agglutinin-conjugated horseradish peroxidase (WGA-HRP, Sigma no. L 9008) was injected into the eye, using essentially the same technique as described above. After 24 hr the rats were anesthetized with chloral hydrate and perfused through the heart, first with saline, then with 2.5% glutaraldehyde/0.5% paraformaldehyde in phosphate buffer, followed by 10% sucrose in phosphate buffer. same solution with 10% sucrose added. The brains were frozen sectioned to verify the placement of the injections, while the retinas were dissected out, flattened on a glass slide, and mounted in glycerol under a coverslip. The sections and whole mounts were examined in a Leitz epi-fluorescence microscope.
Enucleations. On the day of birth (P0), pups were anesthetized with ether, and one eye was removed with a pair of fine scissors.
Electron Microscopy of the Optic Nerves. Optic nerves from animals that had been injected unilaterally with TTX were removed after perfusion, postfixed overnight in 2% glutaraldehyde/2% paraformaldehyde in 0.1 M phosphate buffer, rinsed, osmicated, and embedded in Spurr's resin. Semithin, 1-,m, and ultrathin sections were cut at about the midpoint of each nerve; the thin sections were mounted on Formvar-coated slot grids. Estimates of the numbers of axons were made in six nerves. For these, montages of the whole nerve were prepared at a magnification of x 3500 and analyzed on a computerized drawing tablet. The total crosssectional area of the optic nerve was estimated, and the area occupied by large glial processes and cell bodies and blood vessels was subtracted. Five high-power micrographs (x23,000) of each nerve were taken from areas that were relatively free of glial processes, to estimate the average density of nerve fibers. From these figures the axonal numbers in each nerve were calculated.
RESULTS
WGA-HRP Labeling. Normal animals. In two litters of rats WGA-HRP was injected into one eye on P1, and the animals were killed 24-48 hr later. In addition to the densely labeled retinofugal projection to the contralateral SC, a sparse projection to the ipsilateral SC was seen; this covered FIG. 1. Low-power, dark-field photomicrographs of transverse sections from the SC of a normal P12 rat in which the ipsilateral eye was filled with WGA-HRP. The lower section is from the rostral part of the SC, the center one from about its middle, and the top one from near its caudal end. A few labeled fibers can be seen over the medial two-thirds of the rostral section, but in the two more caudal sections only a few fibers (indicated by white arrows) can be seen along the medial edge of the SC. (Bar = 0.5 mm.) the whole extent of the SC but was clearly heavier over its rostral and medial parts. The ipsilateral retinocollicular projection was largely restricted to the stratum opticum (SO) and the deeper layers of the stratum griseum superficiale (SGS).
In normal animals injected with WGA-HRP on P12 the contralateral SC was filled with reaction product from the stratum zonale (SZ) superficially to the SO deeply. However, in the ipsilateral colliculus, the sparse retinal projection (which at P1 covered the whole SC) was largely restricted to its medial border and was limited to the deeper layers of the SGS and the SO (Fig. 1) . There was some variation from case to case both in the intensity and extent of the labeling; in some brains there were just a few fibers in the rostromedial corner of the SC, but in others much of the medial half of the SC contained labeled fibers. Most commonly there was a narrow strip of labeled fibers along the medial edge of the SC from its rostral pole to near its caudal end.
Enucleates. In the two litters of rats enucleated on P0, in which the remaining eye was filled with WGA-HRP on P12, the projection to the contralateral SC appeared normal. The ipsilateral SC was clearly atrophic and labeled retinal fibers could be seen over its entire extent. Furthermore, the ipsilateral projection was not restricted to the deeper layers of the SGS but was found throughout the atrophied SGS and in the SZ (Fig. 2) .
TTX injections. To block electrical activity during the period of RGC death, TTX injections were made either every day or every other day, from P1 through P12, when the animals were sacrificed. Unfortunately, the more frequent injections often led to eye infections or, in some instances, to obvious retinal damage. In the majority of animals only one eye was injected, but in several cases both eyes were injected. On P11 WGA-HRP was introduced either into the TTX treated or into the control eye. In the following sections we will consider only those cases in which the injected WGA-FIG. 2. Three photomicrographs of sections from the SC of a rat enucleated on PO, whose remaining eye, ipsilateral to this SC, was filled with WGA-HRP on P12. Rostral is below, and caudal on top. There is a relatively strong projection to the ipsilateral SC, and this is seen largely in the superficial layers, which are somewhat atrophied. (Bar = 0.5 mm.) HRP was available to the entire retina, as judged by the complete labeling of the contralateral SC.
Animals in which the non-TTX-treated eye was filled with WGA-HRP. The 16 cases in this group had normal projections to the contralateral SC. The most significant finding in these animals was that in a majority of cases the retinal projection to the ipsilateral SC was abnormally widespread for animals at P12 (Fig. 3) . As noted above, in our normal animals there was some variation in both the extent and the intensity of labeling of the ipsilateral retinocollicular projection. We attribute the variations in intensity to technical factors, since cases with moderate or light staining of the ipsilateral SC showed less reaction product in the rest of the retinofugal projection and generally poor fiber labeling. In normal P12 rats, the extent of the ipsilateral retinocollicular projection varied from a minimum, in which just the rostromedial corner of the SC was labeled, to a maximum, in which much of the medial half of the SC was involved. In analyzing the TTX-treated animals, we have, therefore, classified all of the cases in which the ipsilateral projection was restricted to the medial half of the SC as having a normal spread of fibers and those animals in which substantial numbers of WGA-HRPfilled fibers were also found in the lateral half of the SC as having an abnormally widespread ipsilateral projection. Of the 16 cases with complete eye fills, 11 had an abnormally widespread ipsilateral projection, whereas in 5 cases the spread was within the normal range. Two of the cases in which the projection was abnormally widespread were found subsequently to have retinal damage in the TTX-treated eye, as judged by the size of the optic nerve (see later), and were therefore excluded from further analysis. In these 2 cases the   FIG. 3 . Transverse sections from a rat in which TTX was injected into one eye, between P1 and P12. The non-TTX-treated eye, ipsilateral to this SC, was filled with WGA-HRP on P12. The sections from the bottom up are from the rostral, middle, and caudal thirds of the SC, respectively. There is a widespread persistent ipsilateral retinal projection, which stretches the whole way from the medial to the lateral border of the colliculus and from rostral to caudal. The fibers are largely restricted to the SO and the deeper part of the SGS. This is case 50, whose optic nerve counts appear in Table  1 . (Bar = 0.5 mm.) labeled fibers extended superficially through the SGS to the SZ; in all of the other cases the label in the ipsilateral SC was largely restricted to the SO and deeper layers of the SGS.
WGA-HRP injections into the ITX-treated eye. There were 8 cases with complete WGA-HRP fills in this group. Of these, 7 had projections to the ipsilateral SC that were either smaller than normal or fell within the normal range; in each case only a small amount of label was seen in the deeper part of the SGS, and this was restricted to the rostromedial part of the SC (Fig. 4) . One animal had a well-labeled ipsilateral projection that covered the medial half of the SC. In one case in which the ipsilateral projection was smaller than normal, the retina was slightly damaged, as judged by the size of the optic nerve; despite this there were sufficient RGCs remaining to transport WGA-HRP to the contralateral SC for this crossed projection to appear normal.
Bilateral TTX injections; one eye filled with WGA-HRP. As most of these animals died shortly after the TTX injections, we have only 5 cases that survived the entire TTX regimen and had one eye adequately filled with WGA-HRP. Of these, 4 had ipsilateral retinocollicular projections that covered the whole SC and, as in normal neonates, were largely restricted to the deeper layers of the SGS and to the SO. In one case the projection was limited to the medial part of the SC. Of the cases in which the projection was more widespread than normal, the contralateral retina was damaged in one case as judged by the size of the optic nerve.
Citrate buffer controls. In one litter of seven animals intraocular injections of citrate buffer were made into one eye on alternate days from P1 to P12. This buffer was at the same pH and of the same molarity as the vehicle used for the TTX injections. On P11 the nontreated eye was injected with WGA-HRP. In none of these cases did we see an abnormally expanded projection to the ipsilateral SC at P12.
Optic Nerve Fiber Counts. To be sure that the effect of the TTX injections on the persistence of the early ipsilateral ret- inocollicular projection was not simply due to severe damage to the retina-in effect creating a situation analogous to eye removal-we have estimated the numbers of optic nerve fibers in selected cases. Thus, though we cannot rule out some effect of TTX other than its sodium channel-blocking property, we can be sure that we have excluded cases in which the retina was damaged. For this analysis, semi-thin sections were cut from both optic nerves in all of the TTX-treated animals that had WGA-HRP or FB injections. This allowed us to compare the cross-sectional areas of the nerves and to obtain a rough estimate of the number of myelinated fibers in each of them. In most animals the two nerves were the same size, but in a few cases the optic nerve from the TTX-treated eye was obviously smaller than normal and contained relatively few myelinated fibers. In 3 cases in which TTX had been injected into one eye and WGA-HRP into the other, and which showed an abnormally extensive ipsilateral retinocollicular projection, we made more accurate estimates of the numbers of fibers from the electron micrographs. The results for these 3 cases are shown in Table 1 . In one case, the treated side had 0.9% more fibers than the untreated one, and in the two others the treated sides had 9% and 18% fewer fibers. It seems unlikely that these differences could account for the principal finding in these experiments-namely, that TTX treatment of one eye can prevent, or at least significantly reduce, the competition that normally leads to the restriction of the ipsilateral retinocollicular projection from the other eye.
FB Labeling After TTX Injections. To determine the degree to which intraocular injections of TTX can prevent the death of ipsilaterally projecting RGCs, in two litters of animals we injected FB on P12 into the SC on the side contralateral to the intraocular TTX injections. From whole mount preparations of the retinas we were able to count the number of surviving RGCs ipsilateral to the FB injections and to examine the TTX-treated retinas for signs of damage. RGC counts were only made in the retinas of those cases in which (i) both optic nerves were of normal size, (ii) the FB injections had labeled the entire contralateral retina, and (iii) there was no indication that the injected FB had diffused into the SC of the opposite side. Because of the high density of cells in the temporal crescent of the retinas ipsilateral to the FB injections we did not count the RGCs in this region, but only those scattered over the rest of the retina. The data from these cases can be compared in Table 2 with those from normal and unilaterally enucleated animals, which will be described in full elsewhere (unpublished data).
The data in Table 2 indicate that in early neonates there are about 800 ipsilaterally projecting RGCs outside the temporal crescent and that by the time the ipsilateral retinocollicular projection has become restricted to its adult form, the number is reduced to about 120. Most of these RGCs can be rescued if the opposite eye is removed at birth. Treatment with TTX, on the other hand, enabled about 270 ipsilaterally projecting RGCs to survive, which represents 125% more than are normally present after P12. Significantly, all of the Comparisons of the numbers of ganglion cells (mean + SD) outside the temporal crescent that project to the ipsilateral SC in normal animals both before and after the projection becomes restricted, in animals in which the contralateral eye was removed shortly after birth, and in animals with repeated TTX injections into the contralateral eye.
TTX-treated animals had more ipsilaterally projecting RGCs than the highest number seen in normal P12 animals. The survival of about 270 RGCs in the TTX-treated animals implies that about 66% of the ipsilaterally projecting cells die under these conditions, whereas in normal rats about 85% degenerate over the same time period.
DISCUSSION
The primary purpose of these experiments was to test the hypothesis that electrical activity plays a regulatory role in "naturally occurring" cell death in the vertebrate cental nervous system. In particular, we wanted to see if the postnatal restriction of the ipsilateral retinocollicular projection (9) [which is brought about by the selective death of a distinctive population of RGCs; refs. 10 and 19; unpublished data] could be prevented, or at least attenuated, by blocking ganglion cell activity with the Na' channel blocker TTX in either one or both eyes throughout the period of RGC death. The principal finding to emerge from these experiments is that when activity in one retina is blocked an extensive ipsilateral retinocollicular projection from the opposite eye is maintained (see Fig. 3 ): this means that some of the ipsilaterally projecting RGCs from that eye that would normally have been eliminated by day 12 are retained. In fact, counts of the numbers of RGCs giving rise to such fibers indicate that, rather, more than twice the number survive compared to control animals of the same age. On the other hand, the ipsilaterally projecting fibers from TTX-treated eyes largely disappear (see Fig. 4 ). When activity in both retinas is blocked, there is a persistent, extensive ipsilateral projection from both eyes. If, as seems probable, most of the ipsilaterally projecting RGCs in normal rats die because their axons compete unsuccessfully within the SC with axons from the contralateral eye (the strongest evidence for this is that removal of one eye allows virtually all of the ipsilaterally projecting RGCs from the other eye to survive; unpublished data), administering a TTX block would appear to diminish the competitive ability of the inactive fibers and thus enhance the relative competitiveness of the active fibers.
It is important to note, however, that TTX treatment does not just prevent RGC death per se, but rather seems to alter the pattern of cell death in the retina. Thus, in animals in which we had injected TTX into one eye, we found a similar number of axons in the two optic nerves, and the axon counts on both the blocked and unblocked sides fell within the normal range for animals of equivalent age. Since in normal rats the number of optic nerve fibers falls by about 60% during the first 2 weeks postnatally (7, 8) , it is clear that after monocular TTX treatment an approximately normal number of RGCs must have died in both retinas. Although in a few Proc. Natl. Acad Sci. USA 81 (1984) cases the TTX injections had damaged the retina, this was not common and in most cases the treated retinas appeared quite normal and the RGCs could be readily labeled after FB injections into the SC. For this reason we are confident that the loss of RGCs in the TTX-treated retinas is a real, rather than an injury-induced, phenomenon. It would thus appear that the SC is only capable of supporting a certain number of optic nerve fibers and that electrical activity serves to select which axons are to be successful in the competition for synaptic space or for an essential trophic agent.
In our experiments we counted only those ganglion cells that lie outside the temporal crescent. Recent work by Holt and Thompson (C. E. Holt and I. A. Thompson, personal communication) in the hamster suggests that many ipsilaterally projecting temporal crescent cells may be rescued from cell death by injections of TTX into the contralateral eye. It is possible that some of the fibers we see in the persistent, extensive ipsilateral projection following TTX treatment come from this area of the retina. On the other hand, Holt and Thompson have seen evidence in their experiments for only a slight effect of TTX on the rostrocaudal restriction of the ipsilateral retinocollicular projection.
Although TTX treatment clearly allowed RGCs in the untreated retinas to survive, which would otherwise have died, there was still substantial cell death (66%) among the ipsilaterally projecting RGCs. This result is quite different from that seen after neonatal eye enucleation, in which virtually all (97%) of the ipsilaterally projecting RGCs are rescued (unpublished data). This difference is probably attributable to the fact that in the TTX-treated animals the axons from the treated eye are still present in the SC, and while they are electrically inactive they presumably have some, albeit reduced, ability to compete against the ipsilaterally projecting axons from the opposite eye. However, it is possible that other factors may also be implicated. For example, the ipsilateral projection in normal and TTX-treated rats seems to be restricted to the deeper layers of the SGS, and it is likely that the optic fibers are competing with other inputs to this region of the SC (e.g., those from the cerebral cortex; ref. 16 ). Alternatively, the TTX blockade may not have been complete; the dose administered in our experiments was equivalent to about 25% of the lethal dose for rats of the age and strain we have used, but, even so, the effect of the drug may have diminished with time, so that activity in the fibers from the treated eye may have recovered before the next TTX injection and, if this were so, the RGCs may well have regained some of their competitive ability.
Our results should be interpreted in the context of other mechanisms that are known to depend for their functioning on electrical activity in nerve fibers and, more particularly, mechanisms that are known to operate in this manner in the retinotectal projection of other vertebrates. Among these is the mechanism studied in fish and frogs that appears to depend on correlated patterns of electrical activity in retinal axons to ensure that neighboring RGCs project to adjoining sites in the optic tectum; in these animals, this effect seems to be achieved by a rearrangement of the terminal arbors of the optic fibers within the tectum (11, 12, 17, 18) . It is likely that our results are due to a similar mechanism, in the sense that the axons of most of the RGCs that project to the ipsilateral SC do not terminate close to others from neighboring RGCs; almost all of the fibers that surround the terminals of the ipsilateral projection come from the contralateral eye. As a result, it is probable that their patterns of electrical activity will be quite different from those of their neighbors, and it is likely that this would place them at a competitive disadvantage, which, in turn, leads to their death. Blocking activity in the contralateral eye with TTX would compensate to some extent for this disadvantage and so enable a proportion of the ipsilaterally projecting RGCs to survive. If this were so, it would follow that RGCs that project to inappropriate regions in the contralateral SC would be at a similar disadvantage and would also be eliminated. Cell death would thus serve to preferentially remove cells whose axons have made targeting errors (20) .
